the particular leads being monitored during PTCA or may be present in an area of myocardium too small to be reflected in any of the standard surface leads.3 Conversely, previous myocardial infarction with aneurysm formation may cause fixed ST segment and T wave abnormalities that can mimic or obscure changes caused by transient ischemia.
Acute ischemia in myocardial cells leads to a decline in resting membrane potential and abbreviation of action potential duration. 4 One result of these abnormalities is the generation of current flow between ischemic and nonischemic regions. It is this current flow that leads to deviation of the ST segment in the ECG. 4 Of note, the magnitude of such "currents of injury" is influenced greatly by the distance from the recording electrode to the region of ischemia. Thus an electrode on the body surface distant from a region of ischemia would be expected to record less ST segment deviation than an electrode placed on the surface of the heart, near the ischemic area. In the present study, local unipolar intracoronary ECGs were recorded during PITCA directly from guidewires positioned across coronary stenoses to be dilated. By virtue of the proximity of the guidewires to regions of potential ische-mia, it was thought that intracoronary ECGs recorded in this fashion might prove to be more sensitive and reliable indicators of transient myocardial ischemia than the standard ECG recorded from the body surface.
Methods
Twenty-five patients undergoing routine PTCA at the Brigham and Women's Hospital had local unipolar intracoronary ECGs recorded during the course of their procedures. Before catheterization each patient had given informed written consent in accordance with the guidelines of the Human Subjects Committee of the hospital. The methods for routine PTCA in our laboratory have been described in detail previously. 5 We ordinarily use a sequential balloon technique, the initial dilation being performed with an angioplasty balloon catheter of small diameter (2.0 to 2.5 mm) that is passed over a 0.014 inch diameter or 0.018 inch diameter steerable guidewire (Hi-Torque Floppy; Advanced Cardiovascular Systems, Inc., Mountain View, CA). The shafts of such guidewires are coated with Teflon, leaving only the distal 30 cm uninsulated. After dilation with the initial balloon catheter, the guidewire is withdrawn and replaced by a longer exchange guidewire. The initial balloon catheter is then exchanged for one or more balloon catheters of larger diameter until a satisfactory result has been achieved. 1, left) . Although the guidewire in such a position was actually much closer to the left ventricle than a precordial lead recorded from the body surface, the latter lead yielded a signal that was free of noise and of greater amplitude (figure 1, left). In contrast, if the balloon catheter was advanced into the coronary artery and the wire was advanced so that a short segment of wire protruded beyond the distal lumen of the balloon catheter, unipolar ECGs recorded from the wire were virtually free of noise and much greater in amplitude, far exceeding the amplitude of limb and precordial leads recorded from the body surface (figure 1, right). During balloon inflation in the right coronary artery the patient developed mild angina, although neither the surface nor the local intracoronary ECG revealed any changes compared with baseline. In view of the appearance of ischemic chest pain during balloon inflation, the absence of ST segment elevation in the local intracoronary ECG in this patient was thought to represent a false-negative result. Subjects 1 and 6 (table 1), individuals with stenoses of the right coronary artery and a diagonal branch of the left anterior descending coronary artery, respectively, and no evidence of prior infarction, also failed to develop any ST segment or T wave abnormalities in the intracoronary ECG during balloon inflation. These patients, however, also failed to develop chest pain during balloon inflation. Of note, both patients had extensive collateral flow to the distal portions of the vessels being subjected to PTCA and therefore may have failed to develop significant ischemia during balloon inflation. The remaining five patients in whom balloon inflation was not associated with transient ST segment abnormalities in the intracoronary ECG all had angiographic evidence of prior infarction in the distribution of the artery being subjected to PTCA (subjects 2, 13, 15, 20, and 23, table 1). These patients typically also had electrocardiographic evidence of prior infarction, including Q waves and ST segment elevation suggestive of aneurysm formation that were apparent in both the surface ECG and the intracoronary ECG at rest (figure 4, left). These abnormalities remained unchanged during balloon inflation (figure 4, right). Of note, none of these patients developed chest pain during balloon inflation.
During PTCA of the 21 stenoses associated with transient ST segment or T wave abnormalities in the local intracoronary ECG, chest pain developed after balloon inflation on 19 occasions. In these cases, ST segment elevation in the intracoronary ECG preceded onset of chest pain by several seconds or occurred simultaneously with the onset of chest pain. After balloon deflation, local intracoronary ST segment elevation and chest pain subsided together within several seconds in 15 patients. In four patients, however, intracoronary ST segment elevation and chest pain persisted after balloon deflation, resolving only after withdrawal of the balloon catheter back from the stenosis (see below, figure 7). Two patients with transient ST segment elevation in the intracoronary ECG during balloon inflation failed to develop chest pain (patients 9 and 16, table 1). Conversely, one patient (patient 25) developed chest pain during balloon inflation that subsided after balloon deflation, despite absence of any transient ST segment or T wave abnormalities in either the surface ECG or the local intracoronary ECG. The presence or absence of angiographically demonstrable collateral blood flow to arterial segments beyond the stenosis being dilated did not appear to influence whether chest pain or intracoronary ST segment elevation occurred during balloon inflation. figure 6 , top middle). After balloon deflation, the balloon was pulled back from the stenosis, leaving the wire across the stenosis. Injection of radiographic contrast medium revealed what appeared to be an acceptable angiographic result. However, the patient continued to complain of chest pain, and inspection of the intracoronary ECG revealed local T wave inversion that hadnot been present before balloon inflation (figure 6, top right). Of interest, the surface ECG at this time was unchanged compared with the surface ECG before balloon inflation ( figure 6, top right) . Chest pain and T wave inversion in the intracoronary ECG were still present several minutes later (figure 6, bottom left).
Accordingly, the stenosis was dilated a second time with a balloon of larger diameter (figure 6, bottom middle). After this larger balloon was pulled back, both the patient's chest pain and local intracoronary T wave inversions resolved completely (figure 6, bottom right).
As mentioned above, in four patients (subjects 1, 7, 12, and 17, table 1), chest pain and local intracoronary ST segment elevation that had been absent before balloon inflation (figure 7, top left) appeared during balloon inflation but failed to resolve after balloon deflation (figure 7, top right). As illustrated in figure 7 , in two of these patients inspection of the surface ECG alone after balloon deflation would not have suggested persistent ischemia as the cause of chest pain. Because of persistent ST segment elevation in the local intracoronary ECG, however, ischemia was suspected. When the balloon catheter was withdrawn in each of these -1-n ST segment elevation. Although other independent indexes of ischemia such as myocardial lactate production were not monitored during the study, it seems likely that ischemia was present during balloon inflation in most instances.
Further evidence that the unipolar intracoronary ECG reflects predominantly local electrical events arising from myocardium near the guidewire tip was the observation that ischemic ST segment elevation in such leads after balloon inflation was of much greater magnitude than that in standard leads recorded from the body surface. Indeed, ST segment elevation often was obvious in the intracoronary ECG at times when the surface ECG leads were unchanged. Previous studies of potentials recorded from the epicardium and from the body surface of chronically instrumented closed-chest chimpanzees have demonstrated a marked decline in the magnitude of recorded potentials with increasing distance between the heart and the recording electrode.8 The differences in the magnitude of ST segment elevation in surface and intracoronary leads noted in this study are therefore as one would predict from prior animal studies. In our study, all 12 standard surface electrocardiographic leads were not monitored during PTCA. It is possible that in some patients ST segment abnormalities during balloon inflation might have been present in one or more surface leads that were not being monitored and thus may have escaped detection. On the other hand, an attempt was made to monitor at least the three surface leads thought most likely to reflect regions of transient ischemia. In those patients whose surface ECGs failed to reveal evidence of transient ischemia during balloon inflation, one would have expected to see reversible ST segment or T wave abnormalities in at least one of the surface leads being monitored.
Although the unipolar intracoronary ECG appears to be more sensitive than the standard surface ECG for detecting ischemia, it may not be reliable in all circumstances. In this study, one patient undergoing PTCA of an artery supplying noninfarcted myocardium developed typical angina during balloon inflation that disappeared after balloon deflation, and yet failed to demonstrate evidence of transient ischemia in the intracoronary ECG. Of note, the surface ECG in this patient also failed to reveal transient ischemia. The explanation for this apparently false-negative result is uncertain. If a guidewire were positioned in a branch of an artery that was receiving collateral blood flow whereas other branches of the artery were inadequately supplied by collaterals, one might still expect to elicit angina during balloon inflation, but without accompanying ST segment abnormalities in the intracoronary ECG. Based on the results of this study, such a scenario, if it occurs, is unusual. Furthermore, although false-negative results with the intracoronary ECG may be encountered, they seem to occur less frequently than when one relies on the surface ECG as a marker of ischemia.
Since many cardiac catheterization laboratories are not equipped to monitor readily all 12 standard surface electrocardiographic leads during PTCA, the intracoronary ECG we have described offers several advantages as a monitor of myocardial ischemia. The technique for recording the intracoronary ECG is simple and can be done with guidewires that are routinely used during PTCA. The only equipment needed that is not ordinarily used during routine PTCA is a sterile double-alligator cable. The intracoronary ECG appears to be a more sensitive and reliable indicator of local ischemia than the surface ECG. In some patients the intracoronary ECG may actually help guide the course of angioplasty. One patient in the present study appeared to have an excellent angiographic result after initial dilation of the stenosis but continued to have evidence of local ischemia in the intracoronary ECG, even though the surface ECG was unremarkable. Further dilation of the stenosis in this patient resulted in disappearance of angina as well as the ischemic ST segment and T wave abnormalities in the intracoronary ECG. In other patients, persistent ST segment elevation in the intracoronary ECG after balloon deflation unaccompanied by abnormalities in the surface ECG signaled residual ischemia that proved to be caused by partial occlusion of the artery by the balloon catheter itself rather than by residual stenosis or compromised flow from intimal dissection. Such examples suggest that the intracoronary ECG may help clarify the nature of chest pain during PTCA in some patients and may aid detection of possible complications of the procedure.
